Results of analysis of 23 events of the 2014-2015 mutual event series from the Vainu Bappu Observatory are presented. Our intensity distribution model for the eclipsed/occulted satellite is based on the criterion that it simulates a rotational light curve that matches the ground based light curve. Dichotomy in the scattering characteristics of the leading and trailing sides explain the basic shape of the rotational light curves of Europa, Ganymede and Callisto. In case of Io the albedo map from USGS along with global values of scattering parameters work well. Mean values of residuals in (O − C) along and perpendicular to the track are found to be -3.3 and -3.4 mas respectively compared to "L2" theory for the seven 2E1/2O1 events. The corresponding R.M.S values are 8.7 and 7.8 mas respectively. For the five 1E3/1O3 events, the along and perpendicular to the track mean residuals are 5.6 and 3.2 mas respectively. The corresponding R.M.S. residuals are 6.8 and 10.5 mas respectively. We compare the results using the chosen model (Model 1) with a uniform but limb darkened disk (Model 2). The residuals with Model 2 of the 2E1/2O1 and 1E3/1O3 events indicate a bias along the satellite track. The extent and direction of bias is consistent with the shift of the light center from the geometric center. Results using Model 1, which intrinsically takes into account the intensity distribution show no such bias.
INTRODUCTION
On the basis of the results of the international campaign in 1973 of the mutual events of the Galilean satellites, Aksnes (1976) showed that differences in the observed and predicted mid times and depths of the events can be used to revise the orbital constants of the theory. Subsequent International campaigns and analysis of the observations during the 1979, 1985, 1991, 1997, 2003 and 2009 apparitions have provided an extensive data set of inter satellite astrometric positions (Aksnes et al. 1984; GSO 1991; Vasundhara 1991; Arlot et al. 1992; Mallama 1992; Vasundhara 1994; Arlot et al. 1997; Kaas et al. 1999; Vasundhara 2002; Vasundhara et al. 2003; Arlot et al. 2006 Arlot et al. , 2009 Emelyanov 2009; Dias-Oliveira 2013; Arlot et al. 2014) . Following the success of the jovian mutual events, the technique has been extended to mutual events of ⋆ E-mail:rvas@iiap.res.in(RV),selva@iiap.res.in(GS), anbu@iiap.res.in (PA) saturnian system in 1995 and 2009 (Thuillot et al. 2001; Mallama et al. 2009; Arlot et al. 2012; Zhang, Liu & Tang 2013) , and uranian system in 2007 (Asafin et al. 2009; Christou et al. 2009; Arlot et al. 2013) . We report here astrometric results of 23 mutual events of the jovian satellites observed from the Vainu Bappu Observatory(VBO) during 2014-15.
OBSERVATIONS AND DATA REDUCTION
The observations were carried out at the 1.3 m J.C.Bhattacharyya telescope which is a F/8 R-C Double Horseshoe telescope by DFM Engineering. The ProEM CCD detector covers a field of 4 ′ × 4 ′ at 0.26 arcsec/pixel resolution. A field of this size enabled registering a comparison satellite in the CCD frame along with the main objects on most occasions. The frames were read at 1 MHz speed in normal mode. The time was read from Telescope control system (GPS time derived through Telescope control soft-ware by DFM) at the start of data acquisition (U TAcqn) and was put in the FITS header. The exposure start and end instances available from the Lightfield program are accurate up to 1 microsecond. However, due to the delay in accessing U TAqun from the telescope control system by few tens of microseconds, the UT times are only accurate to 100 µs. The final time scale was converted to UTC at the time of data reduction. Sky conditions were generally poor and only those observations that had a comparison satellite in the CCD frame were found to be useful. Images were obtained before and/or after the event when the satellites were well separated in case of occultation events and eclipse events close to opposition.The derived ratio r given by
was used to account for the contribution of the occulting or eclipsing satellite if present in the aperture. In Equation 1, IS1 and IS2 are the intensities of the eclipsing/occulting and eclipsed/occulted satellites respectively outside the event.
The observed normalized light curve with the contributions from both S1 and S2 is:
where I(t) is the combined intensity of S1 and S2 at time "t" during the event and I(0) = IS1 + IS2. The observed normalized light curve after removing the contribution of S1 can be written as:
Our model computes the intensity variation f C (S2, t) of S2 during the event. This model light curve could in principle be fitted with f (S2, t) directly. However, we preferred to keep the observed light curve intact and converted instead the computed normalized intensity f C (S2, t) to F C (S1, S2, t) using the following relation:
The observed light curve F (S1, S2, t) and the computed light curve F C (S1, S2, t) were fitted as shown in the next section. Standard R filter was used for all the events. The flux of the objects were extracted using aperture photometry in the APPHOT/DIGIPHOT package in IRAF. Table  1 gives the observing conditions of the twenty three events that were found to be usable for analysis. The integration time was selected between 0.2 -2 seconds depending on the sky conditions. Column 6 gives the time interval between the data points. The value of 'Q' in column seven is '0' for complete light curves and '1' for light curves for which either immersion or emersion is illdefined. The "ratio" computed using Equation 1 is given in column 8. A value of zero indicates presence of only the eclipsed/occulted satellite in the aperture during flux extraction.
MODEL FIT TO THE OBSERVATIONS

Ephemerides
Ephemerides of Jupiter, the Earth and the Sun were computed using SPICE kernels (Acton 1996 ) based on DE430.
The positions of the Galilean satellites with respect to Jupiter barycenter were calculated using the theory "L2" by Lainey et al. (2009) ; the required kernel NOE-5-2010-GALa2.bsp available at SPICE was used.
Selection of albedo and limb darkening model for the satellites
In order to exploit the full potential of the mutual events which are capable of yielding high positional accuracy, it is important to use a realistic intensity distribution on the satellites. The Galilean satellites are known to have rotational light curves implying non uniformity in albedo over their surface (Stebbins 1927; Stebbins & Jacobsen 1928; Morrison & Morrison 1977) . Aksnes (1976) pointed out the importance of including surface variations because some light curves were asymmetric giving clear indication that such brightness variations do exist. Vasundhara (2002) used the mosaics of the Galilean satellites constructed by the USGS team and estimated that for central events, the shifts of the photo-center were in the range −50 to +90 km (≈ −14 to +25 mas) for Io and −30 to +50 km (≈ −8 to +14 mas) for Europa. Emelyanov & Gilbert (2006) used the albedo maps of the satellites to calculate integrated brightness of the satellites at different rotational phases. They point out that while there are insignificant changes between their modeled and observed rotational light curves by Morrison & Morrison (1977) for Io and Europa, there is deviation for Ganymede. In case of Callisto they find significant discordance. Prokofjeva-Mikhailovskaya and Sergeeva (2012) point out that the spaceborne observations were carried out at a wide range of phase angles while the groundbased observations are limited to 0 • -12 • . They attribute the reason for the discrepancy between groundbased and spaceborne rotational light curves of Ganymede and Callisto to back scattering. It is therefore essential to chose a realistic intensity distribution model. We follow the suggestion by Emelyanov & Gilbert (2006) that the selected distribution should follow the groundbased rotational light curve of the satellites.
Domingue & Verbiscer (1997) derived Hapke's rough surface parameters (Hapke 1984 ) from disc integrated intensities using Voyager and ground based data for Europa, Ganymede and Callisto. The derived parameters indicate differences in scattering characteristics of the leading and trailing hemispheres. This dichotomy will contribute to the rotational light curve of the satellite. Further, albedo variations due to distributed features are evident in the USGS mosaics; these features will also determine the shape of the rotational light curve. In order to assess the relative contribution of surface dichotomy and albedo variation, we simulated the rotational light curves of the Galilean satellites shown in Figure 1 , for a solar phase angle of 6
• for the following two scenarios: (i) Uniform surface but for dichotomy in reflectance properties (DLC: short dashed line): The light curves were constructed by summing the contribution from 1
• × 1 • elements on the visible surface at orbital longitudes 0
• −360
• . Hapke's parameters by Domingue & Verbiscer (1997) for the leading and trailing sides in the 0.55 µm wavelength band were used to estimate limb darkening on the satellite disc. For 1 . For Io the NIR filter mosaic was used to suit our R band observations while for the other satellites green filter mosaics were used. Hapke's parameters derived by McEwen et al. (1988) for orange filter were used to estimate the limb darkening for Io. For the other satellites average values of the Hapke's parameters for the leading and trailing sides by Domingue & Verbiscer (1997) were used. The MLC light curves closely resemble the simulations by Emelyanov & Gilbert (2006) in their Figures (1-4) , except for some deviation especially for Callisto on the trailing side. This discrepancy may be attributed to the fact that the mosaics used in the two investigations are not the same.
The solid line OLC in Figure 1 is the observed V magnitude rotational light curve from Morrison & Morrison (1977) . The light curves in the magnitude scale are shifted to coincide at 0
• Central Meridian Longitude (CML) for a better visual comparison, although a critical assessment rests more on the gradient of the light curves. The prime meridian of the 1 Details of the photometric correction processes and mosaic construction are described by Geissler et al. (1999) Galilean satellites intersects the equator at the sub-Jovian point. The satellites being in synchronous rotation, the CML follows the orbital longitude and the rotational angle.
A comparison of the groundbased light curve with the simulated light curves shows that:
(i) For Io, OLC can be closely approximated by MLC.
(ii) For Europa OLC runs close to both MLC and DLC. (iii) There is significant deviation of OLC from MLC as well as DLC for Ganymede especially at eastern and western elongations. Helfenstein & Wilson (1985) derived Hapke's constants for selected regions on Ganymede. The simulated light curves will match closely with the observed rotational light curves if Hapke's constants for more such regions are available and used to estimate limb darkening, instead of using just the albedo map. However as the CML of Ganymede during the 1E3/1O3 and 2E3/2O3 events in 2014-15 were in the range 350
• and DLC matches closely with OLC in this region, we selected DLC distribution for Ganymede in our fits to the mutual event data.
(iv) The CML of Callisto when occulted/eclipsed during the present apparition is 345
• −21
• . In this CML range DLC deviates considerably from OLC indicating significant contribution from distributed bright features. Moor et al. (1999) describe the surface of Callisto to the first order, to be either bright (frost with geometric albedo ≈ 0.8) or dark (geometric albedo ≈ 0.2). As seen in the USGS maps, there are prominent bright regions scattered East of 0
• longitude on Callisto. Domingue & Verbiscer (1997 ) determined Hapke's parameters from disc integrated intensities. It is therefore reasonable to expect that the effect of the bright regions will be to add to the ambient intensity represented by DLC in the 0
• -180
• region. We therefore consider two basic cases for Callisto: (1) The DLC model and (2) Convolution of DLC with the mosaic from USGS : DLC M . The DLC M model utilizes the Hapke's parameters for the leading and trailing sides to compute the limb darkening (like DLC) but in addition takes into account the albedo map. The same set of Hapke's constants are used for the bright regions. This is a simplistic approach. The center to limb variation in the intensity of the bright frosty regions will not be the same as that of the average terrain due to differences in surface compactness, grain sizes, local slope etc. In absence of information on detailed scattering characteristics of the frosty regions, we adopt the simple scenario mentioned above for DLC M .
In our chosen model hereafter referred to as "Model 1" we adopt the distributions MLC for Io, DLC for Europa, Ganymede and Callisto. For Callisto we use additionally DLC M as discussed above.
Extraction of the parameters
The observed light curves were fitted with theoretical light curves computed using the model presented by Vasundhara (1994) . The fit involves comparing the observed (O) and computed (C) light curves using Marquardt's technique. We define the event plane to pass through the geometric center (GC) of the eclipsed/occulted satellite S2. This plane is taken to be perpendicular to the extended heliocentric/topocentric vector to GC of the eclipsed/occulted satellite intersecting the event plane at S1. The two orthogonal parameters that were fitted are :
(i) The correction to the impact parameter "∆IP ", where IP is the closest distance of the eclipsed/occulted satellite S2 from S1.
(ii) The shift "s" of S2 along the track. A positive value of s indicates that the observed position of S2 is East of its predicted position.
The observed time of close approach of S2 to S1 is obtained from
where v is the projected relative velocity of S2 with respect to S1 on the event plane. For an easterly motion of S2 with respect to S1 and positive s, the event will be in advance compared to the prediction. The observed IP at the instant T Obs is given by
The separation (X,Y) of S2 from S1 at T Obs along EW and NS on the event plane are calculated from
where P is the position angle of jovian pole of the date (Archinal et al. 2011 ). We assume here that the apparent track of S2 relative to S1 is perpendicular to the pole direction of the planet. The derived values of X and Y are independent of the theory. These can therefore be used along with other kind of observations for updating the dynamical constants of the satellites. The residuals (O-C)X and (O-C)Y with respect to L2 ephemerides are given by: Tables 2 and 3 give the results of the fits. The first two columns give the UT Date and the event information. The third column gives the intensity distribution that was used in the fit (Section 3.2). Column four gives the fitted observed time T Obs from Equation 5. The derived value of X and Y at the instant T Obs from Equation 7 are given in columns five and six. Columns seven and eight give (O − C) in X and Y from Equations 8 and 9 respectively. The central meridian longitude of the occulted/eclipsed satellite (CML2) and the solar phase angles are given in the ninth and tenth columns respectively. Column eleven gives the derived impact parameter in arcsec at T Obs . The impact parameter in km is given in column twelve. The fitted light curves and (O-C) residuals of the data points are given in the online version. The standard deviations of the derived parameters reported in Table 2 and Table 3 are derived from σ∆IP and σs calculated using the covariance matrix. These estimates therefore depend on the noise which has Poisson distribution, in the data. Other factors such as error in the back ground subtraction due to proximity of Jupiter or fluctuating sky transparency may produce much larger uncertainty in the derived parameters. The R.M.S. residuals of the mean value of the estimated parameters are determined from the entire data set as shown in the next section. Another source of uncertainty arises because our observations are in R band, due to unavailability of albedo map for Callisto in red filter we used the green filter albedo map. Similarly, use of Hapke's parameters for Europa, Ganymede and Callisto in the closest available band at 0.55µm is cause for some concern.
RESULTS AND DISCUSSIONS
Results of the fits using Model 1 for the eight occultation events and fifteen eclipse events are given in Tables 2 and  3 respectively. The time of closest approach of the satellites and the relative astrometric positions at this instant are the actual observed positions, topocentric for occultations and heliocentric for eclipses. These are independent of the theory and can be used along with other sets of observations in construction of future ephemerides. We consider the two orthogonal parameters ∆IP and s for comparing the observations with predictions instead of the projections (O-C)X and (O-C)Y computed using Equations 8 and 9.
To check the validity of our selection of the limb darkening and albedo model (Model 1) in the present investigation, we fitted the light curves using another scenario (Model 2) in which:
(i) The occulted/eclipsed satellite is uniform, i.e. without albedo variation and also without surface dichotomy.
(ii) The satellite is limb darkened using average value of Hapke's parameters of the leading and trailing sides. For Io the global average values were used.
The derived (O-C) residuals of "s" (along the track) and "∆IP " (perpendicular to the track) are shown in Figure 2 for Models 1 and 2. Table 4 gives the mean and R.M.S. of the residuals for events of the same type that were observed at least four times. A large number of events are needed for an unequivocal conclusion. However, some trends are evident in Figure 2 and Table 4: (i) For the 2E1/2O1 events the scatter in (O-C) perpendicular to track in case of Model 2 is significantly larger compared to Model 1, except for the 2E1 event on 18 February observed at large air mass (Table 1) . This is also evident from column 5 of Table 4 ; the R.M.S. values are 7.8 and 19.3 for Models 1 and 2 respectively. Model 1 appears to constrain the estimation of impact parameter better than Model 2. However for the five 1E3/1O3 events which are partial events there are no significant differences either in the mean value or the R.M.S. of the residuals with the two models.
(ii) The mean and R.M.S. residuals along the track for the 2E1/2O1 events with Model 2 are −19.9 and 9.3 mas respectively implying that the fitted times are delayed compared to L2. The delay is marginal for fits with Model 1 which yields mean and R.M.S. residuals of −3.3 and 8.7 mas respectively. Vasundhara (2002) showed that as a result of albedo variation, the light center on Io can shift by ≈ 50 km (≈ 14 mas) towards West when near western elongation. As these events occurred when CMLs were in the range 281
• − 313
• , albedo variation may be a likely cause for the delay. Model 2 assumes the disc to be uniform; the deepest part of the light curve is interpreted as the close approach instant of the GC of S2 to S1 thus delaying the fitted time. Model 1 intrinsically takes into account the albedo variation and hence is reliable.
(iii) The mean (O-C) residuals along the track in case of the five 1E3/1O3 events for fits with Models 1 and 2 are 5.6 and 19.3 mas respectively. Model 2 predicts the event to be in advance compared to Model 1; Model 2 detects Ganymede to be east of its actual position. The events occurred within ±25
• of the superior conjunction of Ganymede. As the leading side is brighter than the trailing side for Ganymede, the light center of its eclipsed/occulted portion will be to the East of the GC of the disc. Model 1 which takes into account this dichotomy has a lower residual while Model 2 interprets the light center as the GC and hence the event fitted time is in advance.
(iv) The (O-C) residuals along the track of the two 2E3 events in Figure 2 have large mean residuals of 29 mas and 41 mas for Models 1 and 2 respectively. The data sample being sparse no decisive conclusion can be drawn. From the image of Callisto in 'E' it is clear that the eastern segment is dominated by the bright regions: Hepti, impact basin Valhalla, Adlinda, Lofn and Heimdall. Starting from the first contact, the south-eastern bright regions start getting occulted. Between positions 'A' and second contact (position B) the southern part of the segment with bright regions except the southernmost feature Heimdall are occulted. This explains the relatively rapid fall in intensity in this part of the light curve compared to DLC. While DLC distribution yields a light curve that is flat between second and third contacts except for limb darkening effects, DLM M produces intensity variations in this region. The rise between 'B' and 'C' is due to unveiling of the southern bright group. This is demonstrated in the lower most panel DLC M -DLC. For annular events the use of albedo map thus appears to improve the fits.
CONCLUDING REMARKS
We use our observations of mutual events of the Galilean satellites in 2014-15 from VBO to show that a robust fit to the light curves depends on precise knowledge of intensity distribution on eclipsed/occulted satellites. We set the criterion that a satisfactory distribution must also explain the observed rotational light curve of the satellites. For Io, albedo map by USGS along with global limb darkening constants by McEwen et al. (1988) is found to be satisfactory. Dichotomy in the scattering characteristics of the leading and trailing sides (Domingue & Verbiscer 1997 ) is able to approximate the observed rotational light curves for the three outer satellites. The departures which are more severe for Ganymede and Callisto can be reduced if Hapke's parameters for prominent terrains on the satellites are available. These parameters will help to estimate the center to limb variation of intensity of the local terrains at different rotational phases. Our results with uniform disc model (Model 2) indicate bias in the (O-C) residuals along the track for sets of 2E1/2O1 and 1E3/1O3 events in the direction and extent that is consistent with the shift of light center on Io and Ganymede respectively. No such bias is evident within the R.M.S. limits for results using our chosen intensity distribution model (Model 1). As the events of a given kind occur within a narrow range of orbital longitudes, such a bias will be wrongly interpreted as correction in longitude of either of the satellites. Right choice of a model is therefore important because the theory is already able to make predictions accurate to a few mas (Lainey et al. 2009 ) and observational techniques have improved enormously.
The time of closest approach of the satellites and the relative astrometric positions at this instant are presented for twenty three events.
